Purpose: While the mode of inheritance of a genetic condition has long been considered to have not only medical, but also psychosocial consequences for families, this supposition has never been tested. Methods: We surveyed 112 members of 51 families (59% response) with chronic granulomatous disease to determine the influence of mode of inheritance on parents', siblings', and patients' (1) knowledge of inheritance and reproductive risk; (2) concern about risk to future family-members; (3) feelings of guilt and blame; and (4) feelings of stigmatization.
The mode of inheritance of a genetic disease has long been proposed to have social and psychological consequences for affected families including the extent to which families worry about the health of future children, 1 feel stigmatized, guilty, 2 and blame the other parent, 3 all of which affect a family's ability to adjust to the disease. 2,4 -6 For example, it has been suggested that X-linked inheritance facilitates the ascription of blame toward mothers more so than does a recessive disorder in which both parents contribute a deleterious gene. 2, 3 Mode of inheritance may also influence how well families learn about the inheritance of the condition. It has been suggested that extended families with multiple affected members (which are more likely in X-linked than autosomal recessive disease) may be more knowledgeable about inheritance and reproductive risks. 7 While these suppositions seem logical and clinically predicted, they remain untested.
Numerous studies have measured understanding of inheritance and reproductive risks, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] worry about reproductive risks, 19 -21 parental guilt and blame, 22, 23 and stigmatization, 20, 24, 25 in both X-linked and autosomal diseases. However, as there has been little standardization of the questions used to measure these concepts in different populations, nor comparisons between autosomal and X-linked recessive diseases, the influence of mode of inheritance has not been determined in a controlled fashion.
Accordingly, we developed a controlled study to assess the impact of X-linked (XL) and autosomal recessive (AR) inheritance on understanding of inheritance and personal reproductive risks, worry about recurrence of the condition, and feelings of guilt, blame, and stigmatization among family members of and patients with pairs of childhood-onset diseases. X-linked and autosomal recessive chronic granulomatous disease (CGD) provide a model for comparing the effect of mode of inheritance while controlling for differences in phenotype as the XL and AR forms of this primary immunodeficiency disorder are quite similar clinically. 26 The other pairs of disorders used in this study, Duchenne Muscular Dystrophy (XL)/Spinal Muscular Atrophy type II (AR) and Becker Muscular Dystrophy (XL)/Spinal Muscular Atrophy type III (AR), are clinically distinct. However, their similarity in level of functional disability, clinical course, and the resulting modifications of family life provide sufficient similarities to use them to investigate of the influence of mode of inheritance across disease types.
MATERIALS AND METHODS

Study design
The study was a cross-sectional mail survey of adults with CGD (and their parents and siblings), Duchenne and Becker muscular dystrophy (MD), and spinal muscular atrophy (SMA) types II and III. Preliminary telephone interviews were conducted with ten families with CGD to aid in hypothesis generation and questionnaire design. 27 All study procedures were approved by the National Human Genome Research Institute's Institutional Review Board. Informed consent was obtained from each participant.
Questionnaire design
There were nine versions of the study questionnaire: parents', siblings' and affected adults' versions for CGD, MD, and SMA. The components of the parent, sibling, and affected adult questionnaires were similar but not identical. The wording of and response sets for questions that were not part of standardized scales, such as those about understanding inheritance and those measuring feelings of guilt and blame were derived from the preliminary interviews. 27 The questionnaires collected information on:
Demographics (All questionnaires): Age, gender, education level Family history (All): Who in the family was affected. Understanding of mode of inheritance (All): Five original multiple choice questions measuring respondents' understanding of inheritance. These questions were developed so that they could be appropriately asked of familymembers with both X-linked and autosomal recessive diseases. Understanding of personal reproductive risks (All): Three original multiple choice questions asking respondents their chances of having an affected son, affected daughter, and carrier daughter. Concerns about reproductive risk (All): Using a visual analog scale (VAS) all family-member were asked how worried they were about future generations of their family getting the disease in question, i.e., CGD, MD, or SMA. The VAS is a graphic measure used to quantify sensations. It is accepted as a good measure of physical and emotional pain. 28 The VAS is a line anchored by two extremes (such as extremely worried and not at all worried). Respondents are asked to mark the place on the line that best corresponds to how they feel. Guilt and Blame (Parents): Six questions measured using a visual analog scale. The six-item guilt subscale of the short form of the Multiscore Depression Inventory (sMDI) 29 was also used to measure guilt. This subscale has an internal reliability coefficient of 0.79. 30 Stigma (All): The Health Orientation Scale (HOS) 31 was used to assess how respondents felt about their own or others' carrier status. The HOS consists of 12 five-point Likert scales developed to measure aspects of self-image and feelings toward carrier status. It was used initially to measure feelings about sickle cell trait 31 and was later used by Evers-Kiebooms et al. 32 to assess the emotional impact of carrier testing for cystic fibrosis. A high internal reliability coefficient (0.97) was obtained when studying potential carriers of sickle cell disease. 31 Other Sources of Data
Our recruitment sources, the Registry of U.S. Residents Affected by Chronic Granulomatous Disease and the investigators conducting CGD research at the National Institutes of Health, provided us with the mode of inheritance of CGD for each family. The local chapters of the Muscular Dystrophy Association (MDA) provided each participant's type of muscular dystrophy or spinal muscular atrophy.
Recruitment
Families affected by CGD were drawn from two sources: 1) 102 participants in National Institutes of Health intramural studies on CGD and 2) 369 enrollees (living and deceased) in the Registry of U.S. Residents Affected by Chronic Granulomatous Disease of the Immune Deficiency Foundation (CGD Registry). The CGD Registry permits contact of enrollees only through the physician who registered them. Therefore, we mailed these physicians letters requesting their help in inviting their patients to participate in our study by either obtaining permission from the families for us to contact them directly or forwarding letters of invitation we had enclosed. The letters of invitation were accompanied by a "Family Response Form" for families to return indicating their interest in participating and providing information allowing us to determine eligibility. Physician responses were tracked via a form they completed and mailed back to us. Participants or parents of participants in intramural NIH CGD research were directly mailed letters of invitation accompanied by a "Family Response Form."
Families affected with the neuromuscular conditions were invited to participate through their membership in the Maryland/Southern Delaware and Washington, DC chapters of the Muscular Dystrophy Association (MDA). Since membership in the MDA is based on the affected individual, only families with at least one living affected member were eligible for recruitment. Two hundred eighteen patients or parents of patients with Becker or Duchenne muscular dystrophy and 77 parents of or adults with SMA type II or III were directly mailed
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letters of invitation accompanied by a "Family Response Form" to return.
Questionnaire administration "Family Response Form" respondents were contacted and the family history information they provided was verified. Respondents were asked which of their eligible family members might be interested in filling out a questionnaire. For each family member, the respondent chose whether they were sent a questionnaire to pass along or we sent the questionnaire directly to the relative. Two weeks after the questionnaires were mailed, a reminder letter was sent to non-respondents. Four weeks after the initial mailing, a second copy of the questionnaire was sent.
Assignment of mode of inheritance
Families recruited from the CGD Registry were assigned the mode of inheritance listed in the Registry. The Registry considers patients to have the X-linked form of CGD if either: 1) there is a positive family history of a maternal lateral male relative with the disease; 2) the mother of the patient has a positive carrier test showing two populations of neutrophils with respect to NBT reduction; 3) a mutation has been detected in the gene for gp91 phox ; or 4) immunochemical analysis has revealed the absence of the protein gp91 phox or a decrease in the activity of cytochrome b (of which gp91 phox is a component). Patients are considered to have an autososomal recessive mode of inheritance if either: 1) they are female; 2) they have a female relative with CGD; 3) a mutation has been detected in the gene for p22 phox , p47 phox , or p67 phox ; or 4) immunochemical analysis has shown the absence of p22 phox , p47 phox , or p67 phox proteins. 26 Patients recruited from the NIH were assigned the mode of inheritance listed as part of their diagnosis in the NIH records which are similarly based on family history and immunochemical or molecular analysis.
Statistical analysis
For testing associations between two categorical variables, 2 tests were used. To determine the association between a categorical variable and continuous dependent variables with normal distributions, either a two-tailed t test (for a binary independent variable) or analysis of variance (for variables with more than two categories) was performed. If the continuous variable had either a skewed distribution or the sample was too small to determine the distribution, a rank-order method (Mann-Whitney) was used. Statistics were considered significant at the P Ͻ 0.05 level.
Step-wise, logistic and linear regressions using forward selection were used to assess the independent effects of predictor variables on categorical and continuous outcome variables respectively. Any independent variable that was associated with an outcome variable at the P Ͻ 0.1 level in bivariate analysis was entered into the regression model.
RESULTS
Response rates
Three-quarters (67/89) of CGD Registry physicians agreed to invite their patients to participate in the study. These physicians had registered a total 182 affected individuals. They forwarded our invitation to 120 patients/parents of patients (66%), chose not to contact 23 (13%), and had lost 39 (21%) to follow-up. Physicians also invited an additional eight families not yet enrolled in the Registry to participate. Among the 128 parents or patients contacted, 52 (41%) mailed back the family response form expressing interest in participating. These 52 responses comprised 48 families. The 102 affected individuals enrolled in NIH CGD research comprised 85 families. Of these families, 48 (57%) mailed back a family response form expressing interest in participating, 2 (2%) were not interested, 28 (33%) did not return a form, and 7 (8%) were lost to follow-up.
Of the 218 families with Becker or Duchenne muscular dystrophy who were mailed invitation letters, 68 (31%) mailed back forms expressing interested in participating. Of the 77 families affected by spinal muscular atrophy, 22 (29%) were interested in participating. It was not possible to determine how many neuromuscular families never received invitations because undeliverable mail went directly to the MDA main mail center.
Of the 96 CGD families who returned family response forms, 13 participated in an earlier interview phase of the study 27 and were therefore not eligible to be sent questionnaires. Of the remaining 83 families, 69 (83%) were called and agreed to be sent questionnaires. We were unable to contact nine (11%) and five (6%) were ineligible because an affected child was not a biological child. Questionnaires were mailed to 191 members of these 69 interested, eligible families.
Of the 89 neuromuscular families, 74 (83%) were mailed questionnaires, nine (10%) could not be contacted, three (3%) declined to participate, one (1%) respondent had died, and two (2%) were ineligible because they had a different form of muscular dystrophy. Questionnaires were mailed to 196 members of the 73 interested, eligible families. One family withdrew from the study prior to returning study questionnaires because the affected individual died.
One hundred twelve (59%) questionnaires were returned from members of 51 families (74%) affected by CGD. Two CGD families provided information which put the mode of inheritance of their condition in question so they were dropped from the sample. Ninety-six questionnaires (49%) were received from members of 51 families (70%) with the neuromuscular conditions.
Study population
The final study population was composed of 110 individuals in 49 kindreds (37 XL, 12 AR) with CGD and 96 individuals in 51 neuromuscular kindreds (33 XL, 18 AR). The CGD sample was composed of 49 mothers, 20 fathers, 22 affected adults, 16 sisters, and five brothers. The neuromuscular sample included 40 mothers, 14 fathers, 18 affected adults, 16 sisters, and eight brothers. The sample was 91.2% Caucasian/White, 6.3% African American/Black, 1.5% Hispanic/Latino, and 1% Asian. Ninety-six percent of the respondents had a family-member living with the condition and 20% had lost an affected relative.
Understanding of mode of inheritance and personal reproductive risks Table 1 shows respondents' understanding of inheritance and personal reproductive risks. XL respondents were significantly more likely to understand that an affected man and noncarrier woman were extremely unlikely to have an affected son (P Ͻ 0.05). XL respondents also had greater understanding of the 50% chance a carrier mother and 100% chance an affected father have of having a carrier daughter.
As illustrated in Figure 1 , mothers, affected adults, and siblings in XL families all answered significantly more inheritance questions correctly than did their AR counterparts (the trend was similar for fathers but did not reach significance). There was no significant difference between the numbers of questions answered correctly by different family members (e.g., mothers, fathers, affected adults, siblings) in either the XL or AR groups. When entered into a linear regression model (Table 2), X-linked inheritance, higher level of education, and membership in a family with more than one affected member were independent predictors of knowledge of mode of inheritance. Position in the family (e.g., father, mother, etc.) and condition (CGD vs. neuromuscular) were not associated with knowledge of inheritance.
Members of XL families were also significantly more likely to understand their own reproductive risks (Table 1) . With the exception of affected adults failing to understand their 100% chance of having a carrier daughter, the majority of XL mothers, fathers, affected adults and siblings understood their chance of having an affected son, affected daughter, and carrier daughter. In contrast, fewer than half of AR family members 
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knew their own chance of having an affected son or carrier daughter. When understanding of personal reproductive risk was considered as a four-point scale for number of questions answered correctly and variables were entered into a linear regression model, X-linked inheritance and higher level of education were independent predictors of understanding one's own reproductive risks (Table 2) . Condition, position in the family, and number of affected members in the family were not significant predictors.
Worry about future generations
Using a 0-10 visual analog scale respondents were asked "How much have you worried about the possibility of future generations of your family getting CGD/MD/SMA?" As depicted in Table 3 , both XL and AR family members were moderately worried. Mothers in XL families worried significantly more than mothers in AR families. However, there was no difference in the amount of worry experienced by sisters based on mode of inheritance. Bivariate analysis indicated that knowledge of reproductive risks and understanding of inheritance had no significant impact on level of worry in either XL or AR families.
Guilt and blame
As illustrated in Figure 2 , XL mothers felt substantial guilt and self-blame, both currently and in the past, related to their child's condition. To test whether there were differences in feelings of guilt and self-blame by mode of inheritance and type of parent (mother vs. father), the Mann-Whitney test was used because responses to the visual analog scale guilt and blame questions were not normally distributed. XL mothers felt significantly more guilty, were more likely to say they currently blamed themselves for their child's disease, and were more likely to admit to blaming themselves in the past than were AR mothers (Fig. 2) . XL mothers also reported feeling more guilt (P Ͻ 0.05), current self-blame (P Ͻ 0.001), and past self-blame (P Ͻ 0.001) than did XL fathers. There were no differences in level of guilt or self-blame between AR mothers and fathers.
To confirm the influence of mode of inheritance on feelings of guilt in mothers, multivariate analysis was conducted. As responses to the guilt VAS score were not normally distributed, guilt scores were transformed into a categorical variable of less guilt (for VAS Ͻ 5) or more guilt (VAS Ն 5) and logistic regression was performed. When entered into the model, XL inheritance and younger maternal age were significantly associated with more guilt (Table 4) . Understanding of inheritance, disease (CGD/neuromuscular), education level, and family history (index case only, Ͼ1 case, siblings, Ͼ1 case, not siblings) were not associated with maternal guilt.
Guilt was also measured using the guilt subscale of the sMDI. XL mothers had significantly higher levels of guilt (mean 48.9, SE 1.2) than did AR mothers (mean 43.8, SE 2.0) (P Ͻ 0.05). Again, there was no difference in the scores of XL (mean 46.7, SE 2.2) and AR (mean 46.8, SE 3.1) fathers.
Although most parents did not report feeling substantial blame toward their child's other biological parent, XL fathers were significantly more likely to admit to blaming their child's mother than were AR fathers (Fig. 2) . XL mothers were significantly more likely to admit to feeling more blamed by their child's father (mean 2.5, SE 0.39) than were AR mothers (mean 1.2, SE 0.41) (P Ͻ 0.01).
Stigma
Stigma associated with being a carrier was measured by the 12-60 point Health Orientation Scale (HOS). As illustrated in Figure 3 , family members believe people feel moderate stigma when told they are a carrier. XL family members think this news creates somewhat greater stigma than do AR family members. In bivariate analysis, considering learning one is a carrier stigmatizing was significantly associated only with mode of inheritance; type of family member, disease, family history, and understanding of inheritance were not associated with HOS score.
DISCUSSION
To our knowledge, this is the first controlled study to investigate the influence of mode of inheritance in families affected by X-linked and autosomal recessive conditions. The phenotypic similarity of XL and AR CGD allowed us to investigate the influence of mode of inheritance in a controlled manner. In addition, by studying different pairs of XL and AR diseases we were able to assess the generalizabilty of the influence of mode of inheritance. We found that, while members of XL families understood inheritance and their own reproductive risks better, most members of AR families were as worried about the risks to future generations as those in XL families. Conversely, those in XL families experienced considerably more guilt, blame, and sense of stigmatization related to the disease than did those in XL families.
Our findings are limited by several factors. Slightly less than half of CGD families and one-third of the neuromuscular families who were sent invitation letters were ultimately represented in the data analyzed. Participating families may have differed from non-participants in ways that skewed the results. For instance, families who believed that the disease had a powerful impact may have been more likely to participate, resulting in an overestimation of guilt, blame, and stigma. Fortunately, this bias is unlikely to alter the conclusions regarding the influence of mode of inheritance as it would likely affect XL and AR families in a similar manner. A second limitation is that multiple members of the same family completed questionnaires, compromising independence of study data. To control this issue, analyses were stratified by type of family member (mother, father, sister, etc.). Third, although our goal was to perform a controlled study of mode of inheritance, XL and AR CGD are not perfectly identical. Those with AR CGD have on average somewhat fewer CGD-associated complications. 26 Finally, generalizability of findings may be limited to childhood/ young adult-onset conditions without significant cognitive impairment. More guilt ϭ 0. 
Understanding of inheritance and reproductive risks
Our survey participants had a moderate understanding of inheritance, with XL families having a better understanding than AR families. XL respondents overestimated an affected man's chances of having an affected son and underestimated their chances of having a carrier daughter, findings similar to other studies. 9, 18, 33 Autosomal recessive family members overestimated the reproductive risks of affected individuals and siblings, deficiencies also reported elsewhere. 12, 22, 34 These misunderstandings can have potentially harmful implications. In the case of siblings of individuals with cystic fibrosis, overestimates of reproductive risk led to longterm decisions to forgo marriage and childbearing. 21 The failure of families to realize that all the daughters (XL) or children (AR) of an affected adult will be carriers can also have potentially devastating consequences, particularly in XL families where such girls may grow up unaware of the 25% chance they have of having an affected child with each pregnancy.
Several explanations of these deficiencies in families' understanding of inheritance and reproductive risks have been put forth. These include families ignoring the information because it was irrelevant in a time of crisis 9 and avoiding the issue out of concern that their ill or disabled child will not experience sex or reproduction. 35 Additionally, many adults with both XL and AR genetic conditions diagnosed during childhood continue to be followed by pediatric specialists who often do not discuss reproductive risk. 36 While these explanations may account for some deficiencies in understanding inheritance and reproductive risk in our population, they do not explain the differences associated with mode of inheritance. Instead, the observed differences are likely the result of differences in perceived relevance of the information among both families and physicians. Although physicians' knowledge about genetics can be limited 37 and pediatricians are often unaccustomed to discussing reproductive risk 36 ; it seems likely that due to the higher reproductive risks of women in XL families, health care workers may be especially motivated to ensure that XL families understand inheritance and their own reproductive risks. The information provided may eventually be better retained due to relevance to women and girls in the family. The guilt by XL mothers relating to their carrier status (as shown in the current study) may also encourage women to remember the basis of the inheritance of the disease, as information with strong emotional relevance is particularly likely to be retained.
Worry about future generations
Despite the empirically lower risk to future generations in AR families, fathers, siblings, and affected adults worry as much as their XL counterparts. This observation combined with our finding that understanding of reproductive risks had no significant impact on level of worry among all family members implies that, at least for fathers, siblings, and affected adults, worry is related less to empiric risks and understanding of those risks than to the experience of having an affected family member. This result is in line with studies showing that information alone is unlikely to alter feelings about reproductive risk. 34, 38 XL mothers worry more than their AR counterparts, possibly due to feelings of guilt associated with the mode of inheritance. We found XL mothers felt considerable guilt related to their child's condition. Anticipated guilt if grandchildren are affected may lead XL mothers to be particularly worried about the health of future family members.
Guilt and blame
Guilt and blame are common responses to a child's diagnosis. 2 Parents make self-and other-based causal attributions for their child's illness as psychological defenses against powerful feelings of helplessness and meaninglessness resulting from receiving devastating news. 4 Guilt implies control over the event and hence it's possible recurrence. 39 Blame, particularly maternal blame, is facilitated by men's tendency to externalize their emotional responses to devastating news and blame, while women are likely to internalize their responses and to accept this blame. 40 This dynamic is furthered by the history of many previously poorly understood conditions (for instance autism, schizophrenia, immunodeficiency disorders) being attributed by health professionals to poor maternal care. 35 Unresolved guilt can have serious implications. Guilt in parents of children with disabilities is associated with depression, helplessness, hopelessness, and disruption of effective parenting. 39 As maternal guilt appears common in XL conditions, families affected by XL diseases may be at risk for such problems.
Poor outcomes for family function are also likely when a family member is blamed for a child's disability. 41 Gender differences in placing and accepting blame 40 tend to provide fathers with the opportunity to blame the mother and, therefore, to separate themselves from the shame of the ill or disabled child. This dynamic may lead to a separation between the father and an increasingly enmeshed mother-child bond. 42 Based on our findings that XL fathers are the most likely to blame the other parent for the disease, the nature of X-linked inheritance facilitates this dynamic, putting at least the more vulnerable XL families at-risk for this destructive pattern.
Stigmatization
Members of XL families were somewhat more likely than AR family members to consider being a carrier as stigmatizing, in accordance with the greater implications carrier status has for reproductive risks in XL families. The level of stigmatization experienced was modest in both groups.
CONCLUSIONS AND RECOMMENDATIONS
This study has begun to address the question "How does the mode of inheritance of a genetic condition influence families?" Five disease characteristics have been identified that influence families 43 : onset (acute or gradual); course (progressive or episodic); outcome (impact on lifespan); incapacitation; and pre-dictability. As the effects of mode of inheritance were the same for CGD (acute onset, episodic, periodically life-threatening, and unpredictable) and for the neuromuscular conditions (gradual onset, progressive, lifespan shortening, physically incapacitating, and relatively predictable), we believe the results of the study are likely generalizable to most other X-linked and autosomal recessive childhood/adolescent onset conditions. The following recommendations may improve clinical care for these families.
Understanding inheritance and reproductive risks
Despite their relatively low recurrence risk, medical visits with AR families should include genetic counseling regarding the reproductive risks of family members to address the worry associated with recurrence and hopefully avert life-altering choices based on misunderstandings of risk.
Families fail to understand the reproductive risks of affected men. As young men move through adolescence, medical visits should periodically include discussion of mode of transmission of the condition and reproductive risks.
In order for family-members to incorporate risk information they need an opportunity to discuss how new information about inheritance fits into previously held beliefs, This type of interactive discussion has been identified as a useful method for helping individuals internalize information about inheritance and reproductive risk. 44 
Psychosocial consequences
As maternal guilt and paternal blame are common, it is important that genetic counselors and other health professionals who often work with XL families begin developing psychoeducational strategies to address these issues in an ongoing fashion. In the interim, the following may be helpful.
Genetic counselors and physicians must be vigilant for signs of maternal guilt and paternal blame in XL families. Once detected, families should be provided the opportunity to discuss their feelings followed by brief interventions or a mental health referral as appropriate.
Maternal guilt and paternal blame may be prophylactically minimized if XL parents are provided anticipatory guidance shortly following the diagnosis. If families understand that feelings of guilt and blame are common and that the health care provider is accustomed to working with these issues, families may feel permitted to discuss feelings of guilt and blame, allowing the physician or genetic counselor to begin addressing these feelings early.
Participating in support groups either in person or online can help alleviate and normalize feelings of guilt. 4, 39, 45 A referral to either a disease-specific organization or a general local support group for parents of children with chronic illnesses can be useful.
As persistent guilt can lead to depression, health care professionals should be alert to this possibility among XL mothers and provide a mental health referral if clinical depression is suspected.
